Introduction
Due to the growing environmental awareness of greenhouse gas and the diminishing supply of petroleum resources, the catalytic conversion of renewable biomass feedstock into fuels, chemicals, and solvents is an alternative route to relieve the reliance on fossil resources.
1,2 Many efforts focus on the development of innovative strategies for the transformation of biomass into chemicals to conquer the drawbacks including extensive, environmentally harmful, and high-cost pretreatment. Conversion of cellulosic biomass to 5-hydroxymethylfurfural (5-HMF) has triggered increasing attention.
3-5
5-HMF, as a platform chemical, can be converted into valuable chemicals and fuels such as 2,5-furandicarboxylic acid, 2,5-dimethylfuran, and levulinic acid.
6-10
Compared with fructose and glucose, cellulose composed of linear glucose polymer chains is an ideal feedstock for the synthesis of 5-HMF due to its low cost and abundant resources. 11, 12 However, the poor solubility of cellulose and the formation of humins in aqueous media and organic solvents leads to the inferior conversion of cellulose and the low yield of 5-HMF in the catalytic system assisted with mineral acid.
13-17
Ionic liquids combined with metal salts have been conrmed to break down the inferior conversion of cellulose into 5-HMF. 18-25 Nevertheless, the hybrid reaction system of ionic liquids and metal salts is not suitable for the large-scale synthesis due to the high energy consumption, high cost, and environmental contamination.
Biphasic reaction systems 26, 27 and heterogeneous catalysis [28] [29] [30] have been developed to address above challenges. These strategies are more suitable and cost effective for the large-scale transformation of cellulose into 5-HMF. However, these synthesis approaches usually suffer from the serious pollution and low 5-HMF yield if the cellulose and catalysts are not pretreated in biphasic system. 31, 32 This's ascribed to the insufficient contact and interaction between active sites of solid acid and insoluble cellulose in water and most organic solvents.
33,34
Therefore, the phase transfer catalyst has been developed to achieve high conversion of cellulose into 5-HMF. [35] [36] [37] [38] The phase catalyst is characterized by the excellent activity of homogeneous acid catalyst and the effective separation and recovery of heterogeneous solid acid catalyst. Aer cooling to room temperature, the obtained sample was centrifuged, washed with deionized water, dried at 60 C for 10 h, and calcined at 500 C for 3 h. Amorphous FePO 4 was prepared by the precipitation route.
Methyl cellulose conversion
The conversion of methyl cellulose into 5-HMF over FePO 4 catalysts were performed in a 200 mL stainless steel autoclave under the N 2 atmosphere of 5 bar and the given reaction temperature. Typically, 3.0 g NaCl and the given content of FePO 4 and methyl cellulose were added to the mixed solution of 45 mL deionized water and 135 mL THF (TMF solution of 75%), and then stirred at room temperature for 2.0 h. The above mixture was placed into a 200 mL autoclave under the given test conditions. Aer cooled down to room temperature, the products were centrifuged, washed, and separated into solid residue, aqueous phase, and organic phase. The liquid fraction was analyzed by the high-performance liquid chromatography. The catalytic stability of FePO 4 for the methyl cellulose converted into 5-HMF at 160 C for 80 min was performed for ve cycles under similar conditions. Before adding to the next reaction process, the used FePO 4 bulks were centrifuged, washed with water three times, dried at 60 C for 12 h, and calcined at 500 C for 3 h. Products were analyzed using an Agilent 1200 highperformance liquid chromatography equipped with an UV detector (280 nm) and a column (Zorbax SB-C18). 5-HMF and furfural were the main product and byproduct of methyl cellulose conversion, respectively. 5-HMF yield (Y) was dened as: Y (5-HMF) % ¼ (moles of 5-HMF generated)/(glucose unit moles of methyl cellulose), where the mass of 5-HMF was the total content of 5-HMF in the water and organic phases.
Characterization and analysis

Results and discussion
Characterization of FePO 4
The XRD patterns of FePO 4 $2H 2 O generated via a hydrothermal route and FePO 4 with different morphologies (including branch-like, ower-like, and sphere structure) were shown in Fig. 1 (Fig. 3A-D) was consisted of four main branch, of which the length and the width were 10 mm and 2 mm, respectively. The ower-like FePO 4 with the particle diameter of around 10 mm (Fig. 3E-H ) was regularly formed from small branch structure of 200 nm. Sphere FePO 4 (Fig. 3I-L) with a diameter of 15 mm was consisted of small nanoparticles (<50 nm). The branch-like and ower-like FePO 4 exhibited smooth surface structure ( Fig. 3D  and H) , while the sphere FePO 4 was rough surface structure (Fig. 3L) .
The formation of different structured PVP-assisted hydrothermal system. As shown in Fig. 4A -C, the used branch-like FePO 4 aer rst cycle time retained four main branch structure with less nanosheets due to the partial dissolution in reaction system at high temperature. The branch structure of FePO 4 was destroyed aer the h cycle time under same conditions, and small particles randomly and gradually precipitated on the branch surface from the aqueous phase (Fig. 4D-F ). It's indicated that FePO 4 was partially dissolved at elevated temperature and randomly precipitated again in cooling process.
The XPS spectra of different structured FePO 4 were exhibited in Fig. 5 . The binding energies (BE) of Fe 2p and P 2p of these FePO 4 samples were not shied, while the BE of O 1s were slightly shied, as shown in Fig. 5A -C. For branch-like FePO 4 (Fig. 5D) , the peaks at 726.1, 712.4, and 717.9 eV were assigned to the Fe 2p1/2, Fe 2p3/2, and satellite signal peaks, respectively. 43, 46 It's suggested that the Fe(III) element presented in fresh FePO 4 . The P 2p peak (Fig. 5E ) was located at 133.7 eV, which was in agreement with previous work. 43 Two oxygen signals of branch-like FePO 4 generated from lattice oxygen and hydroxyl oxygen were observed at 531.5 and 533.0 eV in O 1s spectrum (Fig. 5F ). As shown in Fig. 5C , the O 1s peaks (lattice oxygen) of sphere, ower-like, and amorphous FePO 4 were located at 531.9, 531.7, and 531.4 eV, respectively. This slight BE variation of O 1s peaks was attributed to the difference in atomic ratio of lattice oxygen and hydroxyl oxygen of FePO 4 with different morphologies.
Conversion of methyl cellulose into 5-HMF
The phase-transfer catalysts such as H 2 WO 4 and FePO 4 are effective for the cellulose converted into 5-HMF in biphasic system composed of organic solvents and water. 35, 37 In the NaClassisted biphasic system, the cellulose contacted with soluble catalyst is converted into 5-HMF in the water phase, and then the obtained 5-HMF is rapidly extracted into organic phase to avoid side reaction. 28, 47, 48 The optimal conversion conditions of methyl cellulose into 5-HMF were investigated in a biphasic reaction system combined with different structured FePO 4 .
The 5-HMF yield increased with the increase of FePO 4 content ranged from 0.03 to 0.18 g, and slightly decreased when the FePO 4 dosage increased from 0.18 to 0.24 g, as shown in Fig. 6 . In contrast with amorphous, sphere, and ower-like FePO 4 , the branch-like FePO 4 was much more suitable for the methyl cellulose converted into 5-HMF. The highest 5-HMF yield was observed in the presence of 0.18 g branch-like FePO 4 . It could be ascribed to the effective contact between insoluble methyl cellulose and soluble Fe 3+ ions in the biphasic system. 36,37 The inferior 5-HMF yield for the conversion of methyl cellulose was obtained by the solid catalyst at low reaction temperature. With the increasing FePO 4 amount, the excess Lewis acid sites formed upon elevating temperature (160 C) was likely to catalyze 5-HMF to undesired products such as furfural, formic acid and levulinic acid, leading to a lower 5-HMF yield. 6, 20 Due to the sealed chamber and specic reaction conditions in hydrothermal system, it's difficult to detect the pH values of catalytic reaction process in this work. Aer cooling to room temperature, the pH values of these systems (Table 1) These strong Lewis acid sites facilitated the formation of xylose from the retro-aldol reaction of fructose, and further converted xylose into furfural, leading to a lower 5-HMF yield.
53,54
The effect of temperature on the 5-HMF yield over different morphological FePO 4 was shown in Fig. 8 The methyl cellulose concentration as well as FePO 4 amounts was important for the 5-HMF yield in aqueous solvent. As shown in Fig. 9 , 5-HMF yield decreased with the increasing concentration of methyl cellulose under same conditions, which was agreed with previous works. 36, 37 Compared with the amorphous, ower-like, and sphere FePO 4 , the branch-like FePO 4 exhibited better catalytic activity for methyl cellulose due to its higher soluble ability at 160 C in water phase. The controllable branch-like structure could effectively restrain the glucose/fructose molecules to form humins during the dehydration process of methyl cellulose. 37, 53, 54 As listed in Table 2 , higher concentration of methyl cellulose induced to the degradation of 5-HMF to humins, thereby lowering the 5-HMF yield.
The catalyst stability of FePO 4 for the conversion of methyl cellulose was performed ve cycles at 160 C for 80 min. The 5-HMF yield (Fig. 10A ) decreased and the solid residue (Fig. 10B ) increased aer ve cycle times. It's ascribed to the dissolved FePO 4 could not completely transfer into the solid phase, leading to the FePO 4 mass lose aer cooling to room temperature. 36, 37 The residue deposited on the branch-like FePO 4 surface was less than that of amorphous, ower-like, and sphere FePO 4 , indicating that the branch-like FePO 4 retained superior catalytic activity compared with other structured FePO 4 . As shown in Fig. 4 , the solid residue was from the unreacted methyl cellulose and the humins generated from 5-HMF. 36, 37 It's clearly illustrated that the FePO 4 was partially dissolved at the evaluated temperature, and then randomly redeposited on the FePO 4 surface in the temperature-fall period. The new diffraction peaks of FePO 4 $2H 2 O (Fig. 1) was detected in XRD pattern of used branch-like FePO 4 , which arisen from the recrystallization of dissolved FePO 4 .
There were three steps for the conversion of methyl cellulose into 5-HMF over FePO 4 catalyst in the biphasic system, as shown in Fig. 11 . The methyl cellulose was depolymerized into glucose monomers by acid catalysts, then the glucose was isomerized into fructose by Lewis acid sites such as Fe 3+ ions, and nally the fructose was dehydrated into 5-HMF over H + ions.
37,55
The cellulose into 5-HMF. 36, 37, 50 It's noticed that the FePO 4 mass loss leaded to the decreasing 5-HMF yield in the recycling process (Fig. 10 ). It's reasonable believed that the homogeneous catalysis of FePO 4 played a crucial role in the conversion of methyl cellulose.
Conclusion
The ower-like, branch-like, and sphere FePO 4 catalysts were successfully prepared via a hydrothermal route. Compared with amorphous, sphere, and ower-like FePO 4 , the branch-like FePO 4 exhibited excellent catalytic activity and stability for the conversion of methyl cellulose into 5-HMF in the biphasic system. It's attributed to the Lewis acid sites (soluble iron species) and Brønsted acid sites (H + ions) generated from the dissolved FePO 4 at elevated temperature. The synergistic effect between iron species and H + ions was favorable for the excellent catalytic activity for the methyl cellulose converted into 5-HMF. This dissolved FePO 4 induced to the formation of FePO 4 $2H 2 O phase and the deterioration of branch-like structure during the phase-transfer catalytic process. The insolubility at room temperature and the dissolubility at high temperature were suitable for the potential application of FePO 4 in large-scale conversion of methyl cellulose into 5-HMF.
Conflicts of interest
There are no conicts to declare.
